Since its first demonstration in 1994, 1 the QuantumCascade Laser (QCL) has been steadily developed into a laser suited for many applications in the mid-infrared. Besides the wide range of emission wavelengths available today and high-temperature performance with continuouswave operation above 400 K, 2,3 room-temperature power efficiency has been dramatically improved from much less than 1% to now approaching the expected limit of near 30%. [4] [5] [6] [7] [8] More power and better power efficiency remain, however, important goals for further research. Regardless of how well optimized a QCL structure's design is, there are two processes that limit efficiency: inelastic longitudinal-optical (LO)-phonon assisted scattering and elastic interfaceroughness (IFR) assisted scattering. [9] [10] [11] [12] [13] Both of these processes degrade efficiency both by mediating non-radiative transitions from the upper laser level into the lower laser level and by mediating scattering out of the upper laser level into higher confined states. The LO-phonon scattering is driven by temperature and can be minimized through clever engineering of the higher-lying states and through thermal management. It can also be altered by breaking of the continuous energy dispersion in high magnetic fields. 9, 14, 15 The IFR scattering can be reduced by reducing the product of conduction band offset and the electron probability at interfaces 16 and by reducing the interface roughness through optimized epitaxial growth. 17 In this paper, we focus on interface roughness scattering and how to effectively reduce it in QCLs. Interface roughness is characterized by two parameters, D and K, where D is a measure of the roughness amplitude perpendicular to the plane of the interface and K describes the lateral extent of the fluctuations. 18 The energy difference of the conduction band minimum at the interface, dU, is also important, prompting the idea to use low-dU interfaces where the wavefunctions are peaked. 16 The IFR mediates scattering of electrons out of the upper laser level into both higher lying bands and into the lower laser level. 19 The scattering rate between the upper laser state u and the lower laser state l is equal to
where dU is the conduction band discontinuity and q is the wavevector through which the electron is scattered. m c is the electron effective mass in the conduction band, and the parameter g ¼ P i ju u ðz i Þu l ðz i Þj 2 is the product of electron probabilities summed over all interfaces. Reference 20 gives more accurate expression for R u;l including the Boltzmann distribution of carriers at elevated temperatures; this more accurate treatment results in almost the same position of the maximum and a very similar shape of R u;l at room temperature, so we will use Eq. (1) in this paper for simplicity.
As it is seen from Eq. (1), the interface roughness scattering is low if either qK ) 1 or qK ( 1 and has a maximum for qK ¼ 2. Thus, IFR with either high spatial frequency or very low spatial frequency results in much less IFR scattering and that a reduction in IFR scattering can be accomplished by reducing interface roughness with K % 2/q. Depending on the value of momentum transfer q, the lateral size of dominant IFR ranges between a few nm and a few tens of nm.
Although it is difficult to obtain the K parameter directly from experiment, the product DK is more readily measured and has been determined to be in the range of 0. 23 While Ref. 17 shows that the K parameter can be anything between 5.5 nm and 18.5 nm depending on the MBE growth temperature. Figure 1 depicts the intersubband interface roughness scattering rate calculated using Eq. (1) Author to whom correspondence should be addressed: semtsiv@physik. hu-berlin.de D ¼ 0.17 nm. As we see, the value of K ¼ 6 nm quoted in Ref. 21 results in nearly the highest scattering rates for QCLs emitting in the spectral range between 9 and 20 lm. Therefore, any substantial change of the lateral morphology of the interfaces should lead to improvement in QCL performance for this spectral range.
Commonly used methods for achieving an almost atomically flat epitaxial growth front include growth at high temperatures, the use of growth interruptions, and optimization of the III/V ratio. Another method to achieve smoother interfaces which has not yet been used in QCLs is the use of off-cut substrates. The off-cut substrates introduce monolayerhigh steps into the growth front, but these steps are more regular than the random monolayer-high islands on the exact (100) surface, and are characterized by a different lateral size K. Growth proceeds in the step-flow mode, reducing fluctuations with random lateral extent. One of the common off-cuts in zincblende substrates is the (411)A orientation; this orientation is equivalent to a (100) orientation that is tilted by 19:5 in the [011] direction. (411)A oriented substrates are known to support a very flat surface morphology during the epitaxy with 1.8 nm long terraces along the ½ 1; 2; 2 direction on InP, 24 which is much shorter than the K ¼ 6 nm, quoted for the random fluctuations in InGaAs/InAlAs interfaces grown on the exact (100) InP substrate. The (411)A orientation is known to allow higher electron mobility and narrower photoluminescence in quantum wells (QWs). [24] [25] [26] Our own results on InGaAs/InAlAs double-QW structures lattice-matched to InP have confirmed a marked increase in the electron mobility in (411)A oriented samples 27 and have inspired us to investigate if a reduced intrasubband scattering seen in transport translates into a reduction in intersubband scattering that is detrimental to QCL operation. In this letter, we compare the intersubband scattering due to IFR scattering in lattice-matched QCLs grown on (411)A to (100) InP substrates. We show that, indeed, the QCLs grown on (411)A InP substrates have twice the power efficiency, higher slope efficiency, higher gain, and lower threshold current density compared to those with (100) orientation.
Based on the above considerations (see Fig. 1 ), QCLs with an emission wavelength of 9 lm are well suited to study the effect of the substrate orientation on IFR scattering. The QCL design is based on InGaAs/InAlAs heterosystem lattice-matched to InP and uses the so-called "dual-upperstate to multiple-lower-state" active region published by Fujita and co-authors. 28 Two QCL wafers were grown one after another using the same doping, the same waveguide structure, and the same growth temperature of 500 C: one on the conventional (100) oriented InP substrate as a reference (our Reference Number 2-2003) and one on a (411)A oriented substrate (Reference Number 2-2025). Both wafers show sharp X-ray rocking curves with distinct satellites, which allow a good estimation of the average growth rate. Simulation of the rocking curves gives the following average layer thickness deviation from the nominal design thicknesses: þ1.5% for the reference wafer grown on the (100) substrate and þ2.9% for the wafer grown on the (411)A substrate. These small deviations cannot account for the substantial difference in QCL performance. 29 Reproducibility of the same active region doping level was confirmed by Hgprobe capacitance-voltage measurements. For that purpose, the top InP contact and cladding layer were removed on a piece of wafer by selective wet etching using concentrated HCl. The measurements indicate an average active region doping level of 1:4ð60:2Þ Â 10 16 cm À3 for the reference wafer grown on the (100) substrate and 1:2ð60:2Þ Â 10 16 cm À3 for the wafer grown on the (411)A substrate. These measurements of the bulk doping give a two-dimensional carrier concentration per cascade of N 2D ¼ 9.5 Â 10 10 cm À2 and 8.1 Â 10 10 cm À2 , respectively.
The wafers were processed into ridge waveguides of approximately 30 lm width using conventional photolithography and wet chemical etching. The ridges on the (411)A substrate were oriented along the ½1 10 direction, so that the ridge facets could be simply cleaved perpendicular to the laser ridge [as on (100) substrates]. The laser sidewalls were electrically insulated with SiO 2 . Top contacts of Cr/Au and back contacts of AuGe/Cr/Au were thermally evaporated and annealed at 300 C for 2 min in a 1:10 H 2 :N 2 atmosphere. The top contact was additionally coated with 5 lm galvanic gold, including cleaving gaps every 2 mm. The QCLs of various lengths were cleaved, soldered on CuW submounts, and characterized in a closed-cycle cryostat at various temperatures between 60 K and 280 K in the pulsed mode (150 ns pulses, 10 kHz repetition frequency). The lasers operate also at room temperature and above; the temperature range of 60-280 K is used because our cryostat can maintain stable temperature only within this range. Figure 2 compares the power efficiency (ratio of laser power out to electrical power in; also called wall-plug efficiency) of the QCL grown on a (411)A substrate and the reference QCL grown on a (100) InP substrate at 280 K. We observe more than a twofold increase in the maximum power efficiency due to reduced IFR scattering resulting from the use of the (411)A substrates. The scale of the power efficiency improvement varies somewhat from laser to laser but falls approximately in the range between two-and threefold. Improved power efficiency is ultimately the motivation for this investigation but depends on several factors including threshold current density, slope efficiency, and dynamic range. As seen in Fig. 3 (top panel), the threshold current density is consistently lower for the laser grown on the (411)A substrate. We attribute this improvement to reduced scattering out of the upper laser level as well as, perhaps, a narrower gain region-we were unable to measure sub-threshold electroluminescence. The (411)A advantage becomes smaller at higher temperatures due to an increasing influence of phonon scattering. Figure 3 (bottom panel) depicts the slope efficiency as a function of temperature for the QCLs grown on (411)A and (100) oriented InP substrates. For temperatures above 150 K, the slope efficiency is generally about 50% higher for the QCL grown on (411)A substrate compared to the reference QCL. At very low temperatures, the slope efficiency for the (411) QCL saturates, probably due to some freeze-out in this low-doped structure. We have also tested wider (33.2 lm) lasers processed out of the same (411)Aoriented QCL wafer. These have shown very similar temperature behavior (T 0 ¼ 217 K and T 1 ¼ 234 K), compared to the data of Fig. 3 . Thus, differences in transient thermal effects can be neglected for such a low duty cycle of 0.15%. Figure 4 depicts the threshold current density for the QCLs grown on (411)A and (100) InP substrates as a function of the reciprocal cavity length and gives us the values of the waveguide loss coefficient a w and the modal gain coefficient gC. Consistent with the other data, we obtain higher modal gain for the QCL grown on the off-cut substrate. On the other hand, the waveguide loss coefficient for the (411) QCL was also higher. The reason for the latter result is not clear but is probably due to differences in optical absorption within the dielectric, since the expected free carrier absorption within the active region is smaller than what is measured in either laser.
This study was motivated by the observed difference in intrasubband IFR scattering between (100) and (411) oriented structures, resulting in the (411) structures having much higher electron mobility than (100) structures. 27 In that study, a double QW structure was used to increase the overlap of the electronic wavefunction with the interface in order to emphasize the IFR scattering. Those structures were much higher doped than QCL structures-about 1 Â 10 12 cm
À2
, resulting in a relatively large Fermi wavevector k F . For intraband scattering, the most important scattered wavevector is q ¼ 2k F , which for these structures was about 0.5 nm
À1
, similar to intersubband scattering for k ¼ 9 lm. Similarly, the value of K relevant for PL exciton linewidth studies is also about 0.5 nm
. 24 For this reason, all three of these experiments probe a similar lateral roughness parameter K. Consistent with the mobility and PL studies, the intersubband IFR scattering was significantly smaller in the (411) QCL structures compared to the (100) structures. This difference in scattering is seen experimentally in the threshold current density, slope efficiency, and power efficiency. A reduced IFR scattering results in better inversion, longer upper laser state lifetime, smaller non-radiative recombination, and less leakage current during injection. 19 To summarize, we have compared the performance of two nominally identical QCLs grown on (411)A and the standard (100) InP substrates. The QCL active regions are composed of InGaAs QWs and InAlAs barriers latticematched to InP and lase at 9 lm. The lasers grown on the (411)A substrate have shown a two-to three-fold improvement in power efficiency. Furthermore, threshold current density and slope efficiency are also better in the (411) structures. We relate this performance improvement to reduction of the electron scattering on the interface roughness, taking place in the laser grown on the (411)A substrate. In the view of these results, the use of (411)A wafers appears to be an efficient way to improve QCL efficiency. If applied to THz QCLs, 12 such an efficiency improvement could result in higher maximum operation temperatures.
